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ABSTRACT 


Experiences from the post-earthquake investigations clearly demonstrate the 
vulnerability of beam-column joints in steel moment-resisting frames (MRFs) under 
strong seismic shaking. These joints have finite size, stiffness and strength. 
Experimental and analytical investigations showed strong dependence of the seismic 
performance of steel structures on joint panel design. The current design specifications 
for steel joints are based on strength considerations. Since the performance of a frame 
is evaluated based on how well it dissipates the seismic energy input to it during 
ground shaking, it is of interest to study the performance of different joint panel 
designs vis-a-vis energy dissipation characteristics. 

In this thesis, the parameters that affect the energy dissipation characteristics of 
steel planar MRFs v/.s-d'-vw joint panel designs are emphasized through example single- 
storey single-bay portal frames. The various analytical models proposed in the 
literature for simulating the behaviour of joint panel zones are reviewed. The seismic 
design codes provide specifications for design of joint panels. These specifications are 
derived based on studies on typical interior joints, and are also employed for design of 
exterior joint panel zones. However, the requirements of strength and stiffness of 
exterior and interior joint panels may not be same under seismic conditions. So, the 
impacts of exterior and interior joint panel zone designs are studied separately under 
pseudo-static cyclic loading through the energy dissipation characteristics of storey 
sub-assemblages. Based on the above analytical study, a new approach for design of 
exterior as well as interior joint panel zones is proposed. 

riic pci fonnanccs of these proposed designs are also studied through dynamic 
time history analyses of a 20-storey steel planar MRF under various ground motions. 
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Chapter 1 


INTRODUCTION 


LO General 

The most common form of construction of buildings is that of Moment 
Resisting Frame (MRF) type, wherein a building is composed of lineal members 
(called beam-columns), slabs, walls, and the most important component of a frame, the 
finite-sized junction of the beams and columns, called joint. The joint primarily consists 
of the joint panel zone plate, the flanges of the surrounding beams and columns, and 
the connections i.e., riveted, bolted, welded, or any combination of these (Figure 1.1). 
In this thesis, it is assumed that connections are ideal; the entire study is focused on the 
joint panel zones only. 

Steel MRFs are more commonly used in the construction of tall buildings 
subjected to seismic loading, because of their versatility in connections and ease of 
erection. The nonlinear responses of these tall steel MRF building frames to earthquake 
ground motions have been studied analytically for many years. These investigations 
include the behaviour of the joint panel zones. The extensive experimental studies in 
the past three decades provide information to design the joint panel zone such that it 
can resist the complex combination of forces transferred through it despite its 
pronounced nonlinear behaviour. The stability and resistance to lateral loads of the 
MRF require the safe transfer of axial load, bending moments, torsional moments and 
shear forces, between beams and columns through the joint. AnaljTical studies enable 
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to ascertain whether the tall steel buildings can indeed withstand without collapse the 
earthquake shaking at the levels anticipated by the codes. 

Most of the seismic codes allow joint panel zone to yield in shear prior to the 
development of the full beam moment capacities. This is based on the experimental 
evidence that a well-detailed panel zone can sustain large inelastic deformations with 
substantial inelastic shear strength. In the seismic design of MRFs, inelastic 
deformations are permitted to take place in the frame elements as well as in the joint 
panel zones. Allowing the frame to deform inelastically beyond its elastic limit helps in 
dissipating the seismic energy input by the earthquake. The strong-column and weak- 
beam design philosophy restricts the formation of plastic hinges to within the beams. In 
continuation to this philosophy, design codes allow not only plastic hinges in the beams 
but also partial yielding in the joint panel zones. By allowing the joint panel zone to 
yield in shear, the ductility demands on the beams and columns are reduced. However, 
allowing inelastic deformations in the panel zone may lead to increase in overall frame 
deformations, meaning increased inter-storey drifts, which in turn magnify the P-A 
forces. So, it is necessaiy to decide the extent of inelastic deformations that can be 
permitted in joint panel zones and decide the strength of joints accordingly. Hence, the 
relative strengths of joint panels and the beams become very important. 

The design of joint panel zones recommended by seismic codes is based on the 
strength criterion. The recommendations are based on experimental and analytical 
studies of typical interior beam-column joint sub-assemblages subjected to cyclic lateral 
load. However, there is a need to study these joint panel design recommendations from 
two different points of view, namely; 



Chapter 1 :: Introduction 


(a) The design recommendations which are based on strength criterion, should be 
evaluated in light of the energy dissipation in the structure under cyclic loading. 

(b) The current design recommendations, which are developed based on typical interior 
joint sub-assemblages, need to be examined for exterior joints in light of the 
hysteresis energy dissipation characteristics. 

The performances of steel MRFs in the Los Angeles area during the 1994 
Northridge earthquake in the United States indicate damage to joint panel zones in at 
least 15 buildings [NIST, 1995]. This re-iterates the need to relook at associated codal 
provisions. 


1.1 Object and Scope of Present Study 

An attempt is made in this thesis to evaluate the strength criterion for design of 
joint panel zones of steel planar MRF from energy dissipation point of view under 
cyclic loading. The present of the study focuses attention on : 

(1) The effect of various parameters influencing the joint panel design from energy 
dissipation point of view. 

(2) The behaviour of internal and external joint panels, from energy dissipation point of 
view through storey sub-assemblages of an example 20-storey steel MRF building 
under pseudo-static cyclic loading. 

(3) A crilorion foi' (ho dosign ofoxlcrior jis well as inloiior joint panel zones. 

(d) The performance of an example 20-slorey steel MRP’ with din'erent joint panel 
designs as per above observations under some recorded and synthetic earthquake 
ground motion time histories, in light of the current strength based seismic design 
codal recommendations for joint panel zones. 
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1.2 Organization of the Thesis 

This thesis is organized into five relatively independent chapters. Chapter 1 
introduces the subject matter of this thesis. The purpose and scope of this study are 
outlined. A review of the literature on the overall behaviour of joint panel zones, effect 
of various parameters on joint design, energy dissipation characteristics of joint panel 
zones, and analytical modeling of joint panel zone, is presented in Chapter 2. The 
various codal provisions on design of joint panel zones are also discussed therein. 

The effect of various parameters on energy dissipation characteristics of steel 
planar MRFs under pseudo-static cyclic loading are demonstrated in Chapter 3 through 
example portal frames. The issue of interior versus exterior joint panel zones in energy 
dissipation is discussed in Chapter 4 through storey sub-assemblages of an example 20- 
storey steel planar MRF. Based on this study, proposals for design of joint panel zones 
are discussed. Performance of these design proposals are also reviewed analytically 
through the response of the example 20-storey steel planar MRF subjected to recorded 
and synthetic earthquake ground motions time histories. 

Finally, the summary and conclusions of this study are listed in Chapter 5. 
Specific recommendations are made for future work in this area. 

1.3 Sign Convention, Notation and Units 

Tensile displacements and axial loads are considered positive. Rotational 
deformations follow structural analysis convention; anti-clockwise rotations and 
bending moments are positive. A meter (m), Newton (N) and second (sec) are taken 
as the units of linear dimension, force and time. 
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LITERATURE REVIEW 


2.0 General 

The term panel zone and connection appear often in the literature describing 
studies associated with junctions of beams and columns in a steel MRF. The panel zone 
or the joint, refers to the finite-sized area of the junction into which the beams and 
columns frame-in (Figure 1.1). On the other hand, the connection refers to the means 
by which the beams are connected to the columns at these panel zones. The common 
methods for connection are welding, bolting and combinations of the two. 
Understandably, nonlinearities may arise in a frame from either the joint panel zones or 
the connections. This study assumes that the connections between the beam-columns 
and the joint panel zones are ideal, and that nonlinearities arise only from the joint 
panel zones. 

2.1 Performance in Past Earthquakes 

Many steel frame buildings have collapsed or partially damaged during the past 
earthquakes. The September 1985 Mexico earthquake caused collapse of 12 steel 
frame buildings [Marsh, 1993] in central Mexico City. The January 1994 Northridge 
earthquake damaged a variety of building types throughout the greater Los Angeles 
area. A survey on the various types of damage and the amount of damage due to the 
earthquake indicates that the damage to steel joint panel zones occurred in atleast 1 5 
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buildings [NIST, 1994], The damages to joint panel zones were in the form of (1) 
fracture, buckling, or yielding of continuity plate, (2) cracking of continuity plate 
welds, (3) buckling, yielding, or ductile deformation of doubler plate or column web, 
and (4) cracking of doubler plate welds. The report emphasizes the need to relook at 
the associated code provisions for the design of joint panel zones. 

2.2 Behaviour of Joint Panel Zone under Cyclic Loading 

The lateral resistance of a steel MRF depends on how well the bending 
moments are transferred between the beams and columns. This is, in fact, decided by 
the joints. The summary of loads transferred through the joints is presented through 
the free body diagram shown in Figure 2.1. Under the action of these forces, 
experiments have shown that the in-plane axial and flexural deformations are small. 
The predominant stress in the joint is due to shear caused by the unbalance of the beam 
moments. Usually, this unbalance exists at exterior and corner joints even under gravity 
loads. At the interior joints, the unbalance appears under wind or seismic load 
conditions. The high shear forces generated in the joint panel zone by the unbalanced 
moments result in large joint shear strains. Thus, the primaiy deformation is shear 
distortion. The shear strain in the joint panel increases the inter-storey drift and hence 
structural response. 

The mechanics of joint panel zones involves a complex interaction of normal 
and shear stresses arising from axial load and bending moments in the columns and 
from bending moments in the beams. The joint panel zone itself is observed to be 
axially and flexurally stiff, and flexible in in-plane shear. Further, the construction of 
the joint is also very intricate. Thus, simple analytical expressions predicting the cyclic 
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response of joints are not easily derivable. Consequently, experiments are conducted 
on prototype joints to ascertain their response characteristics. 

Experiments were conducted on planar beam-column-joint sub-assemblages of 
the types shown in Figure 2.2. The sub-assemblage represents a typical interior joint of 
a frame structure as shown in Figure 2.3. It includes column stubs of half storey height 
and beam stubs of half bay width. A symmetric cyclic load history is applied in a 
pseudo-static manner. The lateral load H is applied at the top end of the upper column 
stub and the relative lateral displacement A is measured at the same location. The joint 
distorsional shear stress versus joint shear strain curves have been used by researchers 
to study the joint panel zones [Beitero, et al, 1972; Kato and Nakao, 1973; 
Krawinkler, et al, 1975; Krawinkler and Popov, 1982; Tsai, et al, 1995]. These 
experiments showed that the joint behaviour depends not only on the shear resistance 
of the panel zone plate, but also on the surrounding elements. When the joint is 
stressed beyond the elastic range, yielding propagates slowly from the center of the 
panel towards its boundaries, namely the beam and column flanges (Figure 2.4). 
Generally, the shear resistance of joint panel zones to the unbalanced beam moments 
(Figure 2.5) depends on 

(a) Shear resistance of the panel zone plate (Figure 2.6a); 

(b) Resistance of the panel boundary elements, i.e., the beam and column flanges 
(Figure 2.6b); 

(c) Restraint to the panel zone flexural deformation by the neighboring beam and 
column webs (Figure 2.6c); 

and (d) Strain hardening of the panel zone plate under continued shear beyond yield. 
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However, a clear distinction of quantitative contribution of each of the surrounding 
elements in the inelastic range is not known, because of the strong inter-dependence. 

2.3 Past Research on Joint Panel Zones 

The seismic design of multistoreyed steel-framed buildings requires the 
understanding of their inelastic behaviour under cyclic loading. In the late 1960’s, 
experimental investigations [Naka, et al., 1969; Popov, et al, 1969; Bertero, 1969] 
were conducted to understand the participation of joint-panel zones in the nonlinear 
seismic response of steel frames. It was pointed out [Bertero, 1969; Fielding and 
Huang, 1971; Bertero, et al, 1972; Becker, 1975; Tsai, et al., 1995] that joints 
possess both finite stiffiiess and finite strength. Under strong seismic shaking, the joints 
demonstrate highly nonlinear characteristics in the form of large ductilities and good 
hysteretic properties. 

The early classical analytical methods idealized the joint panel zones as mere 
points with zero dimensions. Later, these finite-sized components were modeled as 
rigid elements in the frame analysis. However, once the necessity to consider the joint 
panel zone deformations in the analysis and design of frames subjected to lateral 
loading was pointed out by the experimental investigations [Popov and Pinkey, 1969; 
Popov, et al, 1973; Vasuvez, et al, 1973; Krawinkler, et al, 1975; Krawinkler, 1978], 
analytical methods were developed [Naka, et al, 1969; Fielding and Chen, 1973; Lui 
and Chen, 1986; Murty and Hall, 1994] to include joint panel as separate elements in 
the discretisation of the structure. The joint panel zone deformations were included by 
separating the beam and the column rotational degrees of freedom at a joint (Figure 
2.7). 





Chapter 2 :: Literature Review 


9 


Ideally, a frame should be so designed that the inelastic actions in it during 
strong earthquake shaking be concentrated in those elements which can provide high 
ductility. Experiments showed the joint panel zones can withstand very high inelastic 
deformations fKato and Nakao, 1973], Significant research has been carried out on the 
various aspects related to joint panel zones. The issues are discussed in the sub-section 
below. 

2.3.1 Effect of Axial Load on Shear Strength of Joint Panel Zone 

As mentioned earlier, the distortional behaviour of the joint panel zone is 
primarily owing to the shear stresses in the joint panel zone. So, the strength of the 
joint panel zone is its shear strength. In the elastic range, the distribution of shear stress 
is parabolic. But, in the highly inelastic region, the shear stress is more or less uniform 
throughout the joint panel zone plate (Figure 2.4). So, the assumption of uniform shear 
stress in the panel zone is very reasonable. Since, the shear force acts along with in- 
plane (axial) force, failure theories suggest that the shear strength of the joint panel 
plate decreases owing to the presence of axial force. Earlier, it was proposed [Fielding 
and Huang, 1973; Fielding and Chen, 1973; Krawinkler, 1978] that the shear strength 
of the joint panel should be decreased as per Von Mises Criterion (Distortional Strain 
Energy Criterion). But later, experiments showed [Krawinkler and Popov, 1982; Kato, 
1982; Tsai and Popov, 1990] that the ultimate shear strength of the joint panel zone is 
independent of the applied axial load on the column. Even in the elastic range, with the 
in-plane (axial) load upto 50% of the axial yield capacity of the column, the decrease in 
the shear strength of panel zone due to presence of axial load on the column is very 
small. This little effect of axial load on strength is attributed to the additional resistance 
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offered by the panel framing systems consisting of flanges and continuity plates [Kato, 
1982; Tsai, ei al, 1990], 

2.3.2 Effect of Joint Panel Design On Energy Dissipation in MRFs 

The seismic performance of a structure under strong ground motion also 
depends critically on its capacity to absorb and dissipate the seismic energy, and not 
merely on its strength. The overall energy dissipation capability of a structure arises 
out of the ability to absorb the input energy at the ground. It is generally accepted that 
beams, rather than columns, are the elements better suited to tolerate large inelastic 
deformations without failure, and absorb and dissipate a large share of the seismic 
energy imparted to the structure through the plastic hinges formed at their ends. This 
leads to the widely accepted strong-column weak-heam philosophy, in which beams 
and columns are sized such that flexure plastic hinges will occur only in beams and not 
in columns. 

Experimental investigations [Becker, 1975; Fielding and Chen, 1973; Kato and 
Nakao, 1973; Krawinkler, et al, 1975] revealed that joint panel zones participate 
considerably in energy absorption and dissipation in the frame. In a well-designed 
frame, the participation of joint panel zones in absorbing and dissipating energy 
reduces the demand on the plastic hinge rotations in the beams [Nader and Astaneh, 
1992; 1994]. However, improper joint design can lead to a significant drop in the 
strength as well as the energy absorption of the structural system. 

Most experimental investigations were conducted on test specimen consisting 
of typical interior joint sub-assemblages. A few experiments were also conducted using 
the entire structure [Vann, 1973; Wakabayashi, et al, 1973], Since testing of an entire 
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Structural system involves numerous difficulties, analytical studies are normally 
resorted to in evaluating overall seismic performance characteristics of a structure. 
Qualitative analytical studies were reported on the behaviour of joint panel zones as 
energy absorbing and dissipating elements by taking multi-storeyed steel moment 
resisting frames and subjecting them to different earthquake time histories recorded 
during past earthquakes [Popov and Englehardt, 1989], A quantitative study [Tabuchi, 
et al, 1 992] of the effect of joint panel zone in energy absorption, using the joint panel 
zone model based on a bilinear virgin curve [Fielding and Chen, 1973], showed that 
the contribution of joint panel to energy absorption of a frame varies with number of 
stories in a IVTRF and with the relative proportions of stiffhess and strength of the 
structural elements. Recommendations were made regarding certain parameters to be 
used in the design of joint panel zone to make it an effective energy absorbing element. 
However, these recommendations were based on monotonic loading characteristics of 
the staicturc. It is necessary to arrive at more meaningful design recommendations 
based on hysteretic characteristics under cyclic loading rather than on monotonic 
loading. An analytical procedure to quantify the influence of joint panel zones on the 
hysteretic energy dissipation characteristics of the frame using smooth cyclic hysteresis 
joint panel zone model has been proposed in the literature [Nagar and Murty, 1995]. 

2.3.3 Analytical Modeling of Joint Panel Zones 

Inspite of the difficulties in closely capturing the joint behaviour, a number of 
analytical models were developed [Fielding and Chen, 1973; Krawinkler, et al, 1975; 
Kato, 1983] as reasonable approximations. The bilinear model shown in Figure 2.8 
[Fielding and Chen, 1973] is valid for monotonic loading and over-estimates the 
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ultimate strength of the joint. The trilinear model shown in Figure 2.9 [Krawinkler et 
al, 1975] considers monotonic loading behaviour only in a small range of inelasticity, 
i.e., upto four times the yield strain of a joint panel. On the other hand, experiments 
[Kato and Nakao, 1973] recognized that joints can take upto maximum of 100 times 
the distorsional yield strain without loosing their strength and stiffness (Figure 2. 1 0). 
The trilinear model shown in Figure 2.11 [Kato, 1983] overcame the limited inelastic 
range of applicability by defining the stiffness over a very large range of joint panel 
strain values. Again, even this model is valid only for monotonic loading. 

Eventhough flexibility of joint panel is accounted for in the models valid under 
monotonic loading, the real problem is in accurately modeling cyclic behaviour of the 
joint in the elastic as well as in the inelastic ranges. Thus, a simple semi-empirical 
model, called Ellipsoidal Joint Hystersis Model, was proposed [Murty and Hall, 
1994]. This model includes a realistic monotonic loading curve (Figure 2.12) and 
smooth loading, unloading and reloading curves (Figure 2.13). This model is very 
convenient for numerical implementation and compares very well with experimental 
results (Figure 2.14). In the current study, this model has been used for modeling 
cyclic inelastic behaviour of joint panel zones. 

2 . 3 . 3. 1 Ellipsoidal Joint Hysteresis Model 

4'hc Ellipsoidal Joint llystcrisis Model for steel joint panel zones in planar 
MRFs significantly superior to the other models currently in use. This model based on 
the macroscopic view of the overall joint behaviour and is supported by test data from 
steel beam-column sub-assemblages. It provides explicit expressions for the joint 
distorsional moment in terms of its distorsional shear strain. A few non-cumbersome 
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hysteretic rules make the model simple and computationally efficient. The smooth 
curvilinear virgin curve, applicability under cyclic loading, a realistic estimate of the 
ultimate capacity and the wide inelastic range of applicability are the strengths of this 
model. With hysteretic behaviour defined upto 100 times the yield strain of the joint 
(Figure 2.12, 2.15), this model is an excellent choice for the analytical modeling of 
joint panel zones in steel MRFs under strong seismic shaking. 

The numerical implementation of the joint panel zone element is very simple. In 
the analysis of MRFs, the elastic stiffness matrix of the joint in terms of the two joint 
global degrees of freedom, i.e., the beam rotation /z and the column rotation P 
(Figure 2.16), is required. It is given by 


Mp 


f 

V. 

1 


Kej 
-K, 


-K. 


ej 
Kej 


M\ 

V 


( 2 . 1 ) 


where Mp, My beam moments at the joint, and sum of column 

moments at the joint, respectively. The elastic shear stiffness Kej of the joint panel 
zone is given by 


Kej = ^ = Gd,,dJ, 

yyj 


( 2 . 2 ) 


where Myj and yyj are the yield distorsional moment and yield distorsional shear 


strain in the joint panel zone, respectively. 


2.3.4 Design Recommendations 

Based on experimental and analytical studies, researchers proposed design 
criteria for proportioning strength and stiffness of joint panel zones. The 
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recommendations are in the form of shear capacity of the joint panel zones or the 
thickness of the joint panel plate. A summary of these design criteria are discussed in 
the subsections below. 


2 . 3 . 4. 1 Fielding and Huang, 1971 

The thickness t of the joint panel to prevent yielding under the action of anti- 

symmetrical beam moments and column axial load shall satisfy the condition 

r \ 


t> 
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(2.3) 


where Mi.MrF <P,di,,dc and tare explained in Figure 2.1; cry is the yield stress of 
steel; and Py is the axial yield capacity of the column. 


2 . 3 . 4.2 Krawinkler, 1978 
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The shear resistance of the joint panel zone is given by 
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(2.4) 


where 


t = Total thickness of the joint panel zone (including that of doubler plates); 


Chapter 2 :: Literature Review 


15 


bcf = Breadth of column flange; 
tcf^ Thickness of column flange; 
db - Depth of beam web; 
dc ~ Depth of column web; 
p„ = Required axial strength of column; 

Py= Yield axial load capacity of column; 
and cTy = Yield stress of steel. 

The above expression is adopted by design codes [UBC 94, AISC 91, SEAOC 88] 
with minor modifications. 

2 . 3 . 4.3 Fukiimoio and Lee, 1992 

The shear resistance of the joint panel zone is given by 

V, = HF (2.5) 

where 

(f) =0,9 

for p^^<0.4py 
for p^,>0.4py 

in which 

t = Total thickness of the joint panel zone (including that of doubler plates); 

dc = Depth of column web; 

Pj^ = Required axial strength of column; 

Py = Yield axial load capacity; 
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and cxy - Yield stress of steel. 

2 . 3 . 4.4 Tahuchi, et al, 1992 

The panel yield ratio Rpy shall satisfy the condition 

0.6<Rpy<l.0 ( 2 . 6 ) 

where 

Mpy 

^py ~rj Z R u lT’ 

Mbp+Mbp>Mcp+Mcp\ 

in which 

A4py -- Yield distorsional moment of joint panel zone 



Qpy = Yield distorsional shear of joint panel zone 



dc - Distance between centerlines of column flanges; 

= Distance between centerlines of beam flanges; 
t = Thickness of joint panel zone; 

= Required axial strength of column; 

Py= Yield axial load capacity; 
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cFy = Yield stress of steel; 

- Full plastic moments capacities of beams to the left and right of the 
joint, respectively; and 

- Full plastic moments capacities of columns above and below the joint, 
respectively. 

and are defined in Figure 2.17. 

2.4 Codal Specifications for Design of Joint Panel Zones 

The various specifications in seismic codes pertaining to the design of steel 
joint panel zones can be grouped into three sets. Each of these three sets is discussed in 
the sections below. 


2.4.1 Shear Strength of Joint Panel Zone 


Firstly, the shear strength „of the joint panel zone shall be given by 
Vu = (^-55^ydct 


dbdct 


(2.7) 


And the required shear strength Vreq shall be estimated by 

AM 


Vr 


■eq 


db 


( 2 . 8 ) 


Different codes give different definitions for AM in Eq.(2.8). These definitions fall into 
three broad categories. These are; 


(a) Strong Panel Zones [SEAOC 80] 

AM = M‘ + M'' = j:Mpb- 


(2.9) 
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(b) Intermediate Strength Panel Zones [NZ 88; SEAOC 88; AISC 91; UBC 94] 

M4 = Y.Mpb-2Mg^0.8YMpb (2.10) 

(c) Minimum Strength Panel Zone [SEAOC 88, AISC 91, UBC 94] 

AM= E (Mg + I.S5Me), . ( 2 . 11 ) 

beam 

where 'ZMpb is the sum of plastic moment capacities of beams meeting at that joint. 
Mg is the moment developed in beam at the end due to gravity load, and Me is the 

moment developed in beam due to earthquake forces. 

However, Eq.(2.7) was proposed [Krawinkler, 1978] as an empirical estimate 
for the ultimate strength of the joint at a shear strain of 4/. However, the experimental 
investigations [Kato and .Nakao, 1973] show an extended range of stable inelastic 
behaviour. Hence, the use of this expression for either the yield strength or the ultimate 
strength of the joint panel seems inconsistent [Murty, 1992], 


2.4.2 Thickness of Joint Panel Zone Plate 


The second specification ensures that the thickness of the panel zone plate is 
such that buckling of the panel plate under shear is avoided. The panel zone plate 
thickness t shall conform to the following inequality [AISC 91; UBC 94] 


90 ’ 


( 2 . 12 ) 


where 


dz = db-tbf, 
and Wx-dc-tcf- 


In Eq.(2. 12), tpf and thickness of beam flange and of column flange, respectively. 
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2.4,3 Relative Strengths of Columns, Beams and Joint Panel Zones 

The third specification controls the relative proportions of the strengths of the 
beams, columns and joints at any joint in a MRF. 

2.4.3. 1 UBC 94 and SEAOC 88 

In the case of semi-rigid frames, in which joint panel zones are allowed to yield 
before the beams reach their plastic moment capacities, the commonly used strong- 
column weak-beam design philosophy of rigid jointed frames is amended to the strong- 
column weak-beam and weaker-joint design philosophy. The codes require that the 
following relations be satisfied at each joint : 

> 1.0 (2.13) 

and (2.14) 

Mpy 

where 

Zc - Plastic section modulus of column, 

/ Yield stress of steel, 

f Axial stress in column, 

Mpy = Yield distorsional moment capacity of the joint panel zone, 
and Mbp ~ Plastic moment capacity of beam. 

2A3.1AISC91 


At any joint, at least one of the following inequalities shall be satisfied: 
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(2.15) 


(2.16) 


where 

Ag = Gross cross sectional area of a column; 

Fyb~ Specified minimum yield strength of a beam; 

Fyc~ Specified minimum yield strength of a column; 

H = Average of the storey heights above and below the joint; 

= Required compressive axial strength in the column (taken to be positive); 
= Nominal shear strength of panel zone; 

2b - Plastic section modulus of beam; 

2^ - Plastic section modulus of column; 

i^b~ Average overall depth of beams framing into the joint. 

These inequalities do not apply in case of columns with Piic<0.3 FycAg, and in case 

of columns in any storey that have a ratio of design shear strength to the design shear 
force 50% greater than that in the storey above. 


2.4.4 Indian Codes 

The Indian codes pertaining to seismic design of steel structures [IS; 1893- 
1984; 18:4326-1993; 18:800-1984] do not address the issue of joint flexibility. There 
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are no design provisions associated with either the strength or the stiffness of joint 

panel zones. 

2.5 Conclusions 

The behaviour, analysis and design of joint panel zones as recorded in the 

literature emphasizes the following salient points: 

(1) Experimental and analytical investigations show strong dependence of the seismic 
performance of steel MRF on the joint panel zone design. 

(2) The importance of energy dissipation along with the strength-based design of joint 
panel zone is recognized. However, this observation is based only on analytical 
studies limited to monotonic loading conditions. It is necessary to study this aspect 
also from the point of view of cyclic loading. 

(3) The effect of axial load on the strength of the joint panel zones is negligible when 
the axial load on column is less than 50% of its axial yield strength. 

(4) The expressions given in literature for the design of joint panel zone are based on 
the behaviour of a typical exterior joint panel zone in a MRF. It is assumed that the 
behaviour of exterior joint panel zones is similar to that of interior panel zone. 
However, the loading on exterior joints is not similar to that on interior joints. 
More studies are required to study the effect of exterior joint panel zone design on 
the overall performance of MRFs, especially from energy dissipation point of view. 

(5) The current strength-based design approach for joint panel zones needs to be 
reviewed in light of the hysteretic energy dissipation characteristics of MRFs. 
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PARAMETERS INFLUENCING SEISMIC 
RESPONSE OF MRFs 


3.0 General 

How well an MRF responds during an earthquake depends on how much of the 
energy input at its base can be dissipated (or absorbed) by it. Clearly, the factors that 
influence this energy dissipation will be many. The components that participate in the 
energy dissipation are beams, columns, walls, slabs, joint panel zones at the beam- 
column junctions, and non-structural elements. While the structural components 
participating in the seismic performance of MRFs are few, the infinite possibilities of 
proportioning these components, from both strength and stiffness points of view, 
require a careful consideration of the practical values. Further, the structural 
components are subjected to loads whose magnitude vary over a wide range, along 
with their sense. With numerous possibilities for loading and of component strength 
and stiffness, it is of interest to see how some of the major factors influence the seismic 
behaviour of MRFs. Since the current study focuses on the design of joint panel zones, 
in particular, the variations may be evaluated in light of the joint panel zone designs. 

Experiments showed [Hanson, 1 966] that in most cases the dynamic hysteresis 
curves are more or less similar to the static hysteresis curves. So, the energy 
dissipation characteristics of MRFs under dynamic loading can be well understood by 
studying the hysteresis curves under pseudo-static but cyclic loading. Further, a 
general multi-storey frame can be considered to be a collection of storey sub- 
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assemblages. Each of these storey sub-assemblages contributes to the seismic energy 
dissipation of the overall frame. In this chapter, the energy dissipated in one 
complete hysteresis loop under pseudo-static loading of the simplest storey- 
subassemblage structure namely single-storey portal frames with fixed base is studied, 
with a view to demonstrate the influence of the various parameters. 

3.1 Hysteretic Behaviour Under Pseudo-Static Cyclic Loading 

The energy dissipated in the first complete hysteresis loop of the lateral load N 
versus lateral displacement A curves (Figure 3.1) is studied. This loop basically 
consists of five segments namely positive loading path OA, positive unloading path 
AB, negative loading path BC, negative unloading path CD, and positive re-loading 
path DE. The energy that is absorbed in one complete cycle of loading, neglecting the 
initial loading path OA, is given by the area enclosed by loop segments ABC and CDE 
of the H-A curve. 

In order to benchmark the parametric study, a specified maximum storey drift is 
maintained in all cases, irrespective of the beam, column or joint panel designs. This 
maximum drift is achieved in the initial loading path OA. In the negative direction of 
loading, this maximum storey drift may or may not be achieved, since the hysteretic 
loop is formed by considering equal maximum lateral force excursion. 

3.2 Analysis of Steel Planar MRFs with Joint Elements 

In the present study, the analytical models of beams, columns and joint panel 
zones are taken from the literature [Murty and Hall, 1994; Hall and Murty, 1995]. In 
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the parametric study, the Plastic Hinge Model is used for columns and beams, and the 
EllipsoidalJoint Hysteresis Model is used for joint panel zones. 

The available computer programme DNA2 for the small-strain and large- 
displacement analysis of planar steel MRFs with joint elements [Murty, 1992] is used 
in this thesis to conduct various analytical studies. This programme considers the joint 
panel zones as separate structural elements. The computer programme DNA2 is 
custom made for force control method of analysis. However, in order to achieve a 
specified maximum storey drift in the initial loading path OA (Figure 3.1), 
displacement control is required. This difficulty is overcome by iteratively ascertaining 
the maximum lateral force that would produce the required lateral storey drift in the 
initial loading path OA. Once this is known, the computer programme with force 
control is used. However, the load is applied gradually. For each of the segments OA, 
AB, BC, CD and DE, 1 00 load steps are used. 

3.3 Parameters and their Variation 

Amongst the factors that may influence seismic response of MRFs, some 
important ones are discussed in this section. 

3.3.1 Axial Force in Columns 

The axial force appears in the column due to both gravity loads and lateral 
loads. The axial force in a column due to gravity loads on the MRF remains constant 
throughout the loading, and the axial load due to overturning caused by the lateral load 
fluctuates in proportion to the lateral load. Since the magnitude of the lateral load due 
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to earthquake shaking is not known exactly, the influence of axial force has to be 
studied over the possible range of values. 

In case of portal frames, the column axial load due to the lateral load is 
implicitly obtained through large deformation analysis. However, in case of storey sub- 
assemblages discussed in Chapter 4, the gravity axial load obtained as the sum of the 
gravity load acting on that storey and of the gravity loads transferred from the storeys 
above the storey sub-assemblage under consideration. And, the axial load due to the 
lateral load is estimated from the lateral loads acting at floors above the storey sub- 
assemblage under consideration. 


3.3.2 Ratio of Beam and Column Plastic Moment Capacities 

The strong-column weak-heam philosophy requires that, at any joint, the sum 
of full plastic moment capacities of columns be more than the sum Yj ^pb of 

full plastic moment capacities of beams. Hence, their ratio given by 




(3.1) 


shall always take values less than unity. 

The effect of 7?/,^. is studied by analyzing MRFs with different beams and 
columns moment ciipncities, In (ho ciisc tif multi-hay MKI's or (Iw storey sul)- 
assemblages, the above ratio needs to be controlled at exterior Joints as well as at 
interior joints. And, in case of single-bay, single-storey portal frames that are 
symmetric, this issue does not arise. 
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3.3.3 Ratio Rjf, of Joint Distorsional Yield Moment Capacity and 
Beam Plastic Moment Capacities 

In order to decide the relative strengths of joint panel zones with respect to that 
of beams, a ratio Rj^ of the yield joint distorsional moment Myj and the sum "EMpi, 

of full beam plastic moment capacities, 

M.,, 


Rji> 


yj 


H^pb 


( 3 . 2 ) 


draws prominence. This effect can be studied easily by analyzing MRF of different joint 
panel zone designs. In the case of multi-bay MRFs or the storey sub-assemblages, this 
ratio to be controlled at both the exterior joints as well as the interior joints. Again, in 
case of single-bay single-storey portal frames that are symmetric, there is only one 
ratio. Here, by different joint panel zones designs, it is meant that the thickness of the 
joint panel zone plate is varied; the depth of beam and depth of column are not 
varied. Thus, the yield distorsional joint moment Myj considering the plate alone, 

which is given by 


M yj - dh d(. t. 


( 3 . 3 ) 


varies linearly with t . 


3.4 Response Quantities of Interest 

The responce quantities of interest are energy dissipation lateral force H , 
and normalized energy dissipation . The effect of the above quantities are studied 
as a function of joint panel zone design. 
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3.4.1 Energy Dissipation 

The lateral load H versus lateral displacement A curves shown in Figure 3.1 
reflect the overall characteristics of the MRF and not just those of the joint panel zone. 
Thus, inelasticities developed in the beams and columns also get duly reflected in these 
curves. It is the relative stiffness and strength proportion of these components and 
joints that decides their share of inelastic effects. In general, very stiff joints lead to 
much smaller hysteresis loops. On the contrary, very flexible joints lead to large lateral 
drifts. Thus, a need arises to balance the joint design to balance the energy dissipation 
E^i (Figure 3.1) and maximum lateral drift . 

The energy dissipation is normalized as per 

(3-4) 

Es 

in which Es the linear static energy associated with the initial loading path OA in the 
lateral load H versus lateral displacement A curves. The geometrical definition of Es is 
shown in Figure 3.3. 

3.4.2 Lateral Force H 

In the present analytical study, in order to benchmark all studies to a common 
platform, the cyclic response is considered under a specified maximum lateral drift of 
35mm. The amount of lateral load required to achieve this specified lateral drift 
depends not only on the relative strengths and stifihesses of beams and columns but 
also on the joint panel zone designs. 
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3.5 Numerical Study 

The influence of each parameter and its effect on the behaviour of MRFs is 
demonstrated through the simplest MRF, namely a single-bay single-storey portal 
frame with columns fixed at the base (Figure 3.2). Here, can be controlled as there 
is only one type of joints, namely exterior joints. Four cases of portal frames are 
considered. They are Cl, C2, B1 and B2. In cases Cl and C2, the column section 
properties are kept constant. To get different values of the beam section 
properties are changed (Table 3.1). However, in cases B1 and B2, the beam section 
properties are kept constant and for different values of 7?/,^ , the column section 
properties are changed (Table 3.2). The study is carried out for different joint panel 
zones (Table 3.3). The loads applied are as shown in Figure 3.2. The values of the 
maximum lateral load H and the vertical nodal load P on each column are shown in 
Table 3.4. 

3.6 Results and Discussions 

The results of the parametric study are presented in the form of graphs of Ed, 
H and Ed„ plotted as a function of the ratio Rjj, for different values of 7?/,^ and P. 
Here Rji, reflects the joint panel zone design. 

3.6.1 Energy Dissipation 

The energy dissipation E^ increases with increase in Rj^ and 7^^, in case Cl 
(Figure 3.4a). But, in case Bl, decreases with increase in 7^^ (Figure 3.4b). This is 
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attributed to yielding of the columns at their base due to the decrease in their plastic 
moment capacity with increase in 7?^^, and to the fact that the lateral load carrying 
capacity of MRF depends mainly on column section properties. However, the variation 
of in B1 is irregular unlike in Cl. This is attributed to the varying percentage of 
axial force in columns with respect to axial yield capacity with changing By 
maintaing a constant (more or less) percentage of axial force in columns, the variation 
of Ed improved in case B2 (Figure 3.4d). But, the variation of Ed with increase in 
is not similar to that in case Cl. decreases once crosses certain value. So, 
there seems to be an optimum value of 7?^^ at which Ed is maximum. A more detailed 
investigation with varying amounts of column axial load is required to arrive at the best 
suited value of 7^^ from energy dissipation point of view. By repeating the exercise of 
Cl with increased axial loads, the similar trend of variation in Ed with 7?y^ and 7?^^ is 


observed in case C2 (Figure 3.4c). 

In all of the above cases, the energy dissipation is controlled by the sequence of 
the formation of hinges (Figure 3.5). In an MRF, the formation of hinges in column can 
be avoided by adopting strong-column weak-beam philosophy, but this philosophy 
does not fix the relative position of the strength of the joint panel zones. In fact, the 
sequence of formation of hinges in an MRF is controlled by the relative stiffness and 
strength of all its components. Consider the factor /? for each component given by 


M 



(3.6) 


where 
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Bending moment developed due to applied external loa-ds 
in case of beams and columns 

Distorsional moment developed due to applied ex: ter nai loads 
in case of jo int panel zones 


and 


m'p 


Reduced moment capacity due to applied external load s 

in case of beams and columns 
Yield distorsional moment capacity (Eq.(3.3)) 

in case of joint panel zones 


This factor may be calculated at the ends of all beams and columns, and at all joints in 
the MRF. The sequence of formation of hinges starts with the location "with the largest 
value of p and follows to the locations with decreasing values of j). 


3.6.2 Lateral Force H 

The lateral force H increases with increase in and in bodh cases C 1 and 

C2 (Figures 3.6a and 3.6c). However, in cases B1 and B2, If decr«eases with 
(Figures 3.6b and 3.6d). This happens because of the lateral load carrying capacity of 
of the portal frame depends on column section properties, and because the column 
plastic moment capacity decreases with increase in in cases B 1 and B2. The lateral 
force H in case C2 is lesser than that in case Cl. This is attributed to the fact that the 
MRF softens when the compressive axial force in column increasess. However, an 
incrccisc in the lateral Ibrcc // with increase in lijij is observed in till cases when the 

joint panel zone is flexible. But, once the joint panel zone attains a certain degree of 
rigidity, the increase in lateral force is almost negligible. This is at tributed to the 
increase in rigidity of joint panel zone causing an increase in the rotations in columns 
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and beams to attain the required lateral displacement. This ultimately causes the 
formation of plastic hinges first in beams and then in columns. 

3.6.3 Normalized Energy Dissipation ^dn 

The normalized energy dissipated shows the combined effect of Ed ^riti 
the smooth variation of H (Figures 3.7a, 3.7b, 3.7c and 3.7d). When the joint panel 
zone becomes rigid, the change in Ed ^^id ^ marginal. Thus, Edn follows the 
same trend. 

3.7 Conclusions 

The following arc the broad observations of the parametric study presented 

above ; 

(1) increases with increase in Rpy. But, when the joint panel zone attains certain 
degree of rigidity, the increase in Ed with increase in Rpy is almost negligible. 

(2) Ed depends on . There is an optimum value of 7^^ where the Ed is maximum. 

(3) The little effect of axial load P on Ed is little, but is considerable on lateral force 
77. 

(4) Since /<;,/ depends on both R/,^. and /', a more detailed study is required to arrive at 
ideal values of R/,^. which maximises f^d without significantly increasing the lateral 
drift. It is, however, recognised that the axial load R in columns varies over a very 
large range during strong sesimic energy shaking of the building. 

(5) Ed is controlled by the sequence of formation of hinges, which is in turn controlled 
by the stiffness and strength of the MRF components and the applied loads. 
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(6) There is no beneficial effect of increasing beyond 1 .0 insofar as maximizing the 

energy dissipation is concerned. This implies that the joint panel zones must yield 
before the beams. Thus, strong-cohimrt weak-beam and weaker joint philosophy 


seems preferable. 



Chapter 4 

ENERGY CONSIDERATIONS IN DESIGN OF MRFs 


4.0 General 

The basic attempt in the seismic design of MRFs is to arrive at a structure that 
can withstand the lateral loads generated during expected seismic shaking and safely 
dissipate the seismic energy input to it without collapsing. Thus, both lateral strength 
and energy dissipation characteristics are important. Thus far, in the literature, very 
little research is actually devoted to the study of seismic response of steel planar MRFs 
vis-a-vis energy dissipation characteristics. In particular, the seismic energy dissipation 
characteristics of MRFs with different joint panel designs has not been addressed. 

The nonlinear analysis of a complete frame is computationally intensive and 
time consuming, and hence cannot be used for investigating the above aspects. Since 
the complete frame consists of a number of storey sub-assemblages, the energy 
dissipation characteristics of the complete frame can instead be studied from the point 
of view of joint panel zone designs through these individual storey sub-assemblages. 
Since the number of joint panel zones and members in a storey sub-assemblage are 
few, the contribution of the joint panel zone to the overall energy dissipation 
characteristics can be pin pointed relatively easily. In the literature, typical joint sub- 
assemblages have been used in experimental studies as discussed in Chapter 2. And, 
for the purpose of the analytical studies, the use of storey sub-assemblages has been 
recommended [Fielding, 1994; Nagar and Murty, 1995]. They consist of the set of 
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beams, columns and joint panel zones present at a floor level. The interaction between 
these sub-assemblage components plays a prominent role in its energy dissipation. 

4.1 Storey Sub-Assemblages 

Consider the planar frame of a typical multistorey building shown in Figure 4. 1 . 
A typical storey sub-assemblage is highlighted in the figure. It consists of the columns 
of half the storey height from the storey above and below the floor under 
consideration, beams at that floor level, and the beam-column joint panel zones at that 
floor level. 

Usually, in regular frames, the sizes of beams at different floor levels are 
reasonably similar. Thus, the rotational restraints offered by these beams to the 
columns at the floor levels are of the same order. Given this, it is reasonable to say that 
when the frame is subjected to lateral loads at the floor levels, the points of 
contraflexure are around the mid-heights of the columns. Thus, ' the storey sub- 
assemblage is chosen to consist of only half the column from the storeys above and 
below (Figure 4.2), and the column stubs are taken as hinged at the far ends. Since the 
cyclic relative lateral response within the storey sub-assemblage is of interest, the 
column stubs below the floor are taken to be restrained against translation at their 
base. The top ends of the column stubs above the floor are permitted lateral and 
vertical translation, and rotation degrees of freedom. However, these top ends of 
column stubs are imposed the condition of equal lateral translation. In the original 
complete frame, this may not be exactly true. Nodes at mid-heights of columns within 
a storey may translate by different amounts, depending on the extent of rigid 
diaphragm action of the floor slab and the rotational restraint offered by the beams. 
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4.2 Parameters Considered in Numerical Study 

Tlie present study concentrates on the cyclic behaviour of storey sub- 
assemblages under pseudo-static loading from the point of view of interior and exterior 
joint panel zone designs. Both in the literature, as well as in the codes, the design of 
exterior joint panel zones are not adequately addressed. As discussed in Chapter 2, the 
design provisions included in codes for joint panel zones are based on typical interior 
joint panel zone behaviour gathered from experimental and analytical studies. 

The parameters considered in this study are discussed in Chapter 3. They are 

I 

axial force P in columns, ratio 7^^ of sums of beam and column moment capacities, 
and ratio Rfi, of yield distorsional joint moment capacity and sums of plastic moment 

capacity of beams. Amongst of these, the axial load in the column is not completely 
within the control of designer as depends on the level of seismic shaking. However, 
and Rji, can be controlled through the design of the columns, beams and joint 

panel zones (both interior and exterior). 

4.3 Numerical Study through Example Storey Sub-assemblages 

To demonstrate the influence of the strength and stiffriess of the different 
components (/.c., beams, columns and joint panel zones), three storey sub-assemblages 
from three different levels of a 20-storey planar MRF extensively used in literature 
(Figure 4.3), are considered. These three sub-assemblages, the geometries and section 
properties of which are shown in Figure 4.4, are taken from floors 19, 10 and 2, and 
will, hereinafter, be referred to as SSA-T, SSA-M and SSA-B, respectively. Table 4.2 
gives the cross-section properties of the components in each of these sub-assemblages. 
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In the analytical study, the lateral load that can be applied on the sub- 
assemblage is arbitrary. However, in order to benchmark all studies to a common 
platform, the cyclic response of storey sub-assemblages are considered under a 
specified maximum lateral drift. For a storey height h of 3810 mm, the maximum 
design inter-storey displacements as per the different codes are given below: 

(a) UBC 94 and IS: 1893-1984 

Elastic maximum displacement limit “ 0.004h = 15mm (4.1) 


ih)AlSC91 


Design maximum displacement limit under severe seismic conditions 
A,nax - ODlh = 38mm 


(4.2) 


(c) UBC 94 


Design limit under ultimate condition = 



K004h = 34mm 


(4.3) 


assuming a Response Modification Factor Ry^, of 6 for ordinary MRFs. 

However, in the sub-assemblages chosen, it may be difficult to achieve an inter- 
storey displacement of about 40 mm in for all joint designs. Some sub-assemblages 
may not posses enough lateral strength and/or ductility and may fail well before the 
above displacement is imposed. Keeping in view the sub-assemblages being studied, an 
inter-storey drift of 30 mm is chosen as the benchmark value. 


4.3.2 Loads in Columns and Beams 

The gravity load in a column of a storey sub-assemblage under consideration is 
estimated (considering a UDL of 20 kN/m due to dead and live load on all beams) at 
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stories above the storey sub-assemblage under consideration. The cyclic component of 
axial load on columns generated by the cyclic lateral seismic ground acceleration at the 
base of the MRF is taken arbitrarily, though guided by the literature [Goel, 1969], The 
maximum fluctuating axial load on the exterior column is taken as 30% of its yield 
axial capacity. And, the fluctuating component of the axial load on the interior and 
exterior columns are taken in the proportion of 1 :3, keeping in the mind their relative 
locations and axial stiffnesses. Table 4.1 shows these values. Figure 4.5 shows the 
various loads considered on the sub-assemblages studied. 

4.3.3 Exterior and Interior Joint Panel Designs 

In the present study, the energy dissipated Ed complete cycle by the 

storey sub-assemblage is studied. The ratio Rji^ of yield distorsional joint moment 

capacity to the sum of the plastic moment capacities of the beams meeting at that joint 
is a critical factor representing the joint panel design. The minimum value of Rj^ is 

calculated based on available column web thickness. Flowever, for the purpose of 
analytical study, the minimum value of Rji, is taken as 0.5, which may in some cases 

imply a value of the joint panel zone plate which is much below the available column 
web thickness. This case helps in considering alternate column sections with web 
thickness smaller than the ones chosen. 

4.4 Analysis 

The analysis of the storey sub-assemblages carried out as explained in section 
3.2, except that Fibre Model beam-column elements are used for time history analysis 
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instead of the Plastic Hinge Model beam-column elements [Murty and Hall, 1995], 
This choice of beam-column element is made to include the trend of gradual 
plastification of the beam and column section due to bending moments. 


4.5 Responses of Interest 


The results of the analysis of these sub-assemblages are presented in the form 
of graphs of energy dissipation Ed-> lateral force H , normalized energy dissipation 
and normalized lateral force //„, drawn as a function of Rjiy Ed^ ^^dn ^ 
been discussed earlier in section 3.4. The lateral force is normalized as per 




H 

ZVyJ 


(4.4) 


where 

H= Lateral force required for a specified drift in a storey sub-assemblage; 
and T.Vyj= Sum of yield distorsional shear capacity of all joint panel zones present in 

the storey sub-assemblage. The effect of joint panel zone design, of both interior and 
exterior joints, on the response quantities are obtained for each of the sub-assemblage. 


4.6 Results and Discussions 

The salient observations of the study on storey sub-assemblages are as under. 


4.6.1 Energy Dissipation 

In the three sub-assemblages, the energy dissipation Ed (Figures 4.6, 4.7 and 
4.8) increases as gets closer to 0.5 and gets closer to 1.0. Figure 4.9 
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shows the hysteresis loops of H vs A curves for the extreme combinations of exterior 
and interior joint panel zone designs of SSA-T. The above observation, that weak 
exterior joint panel zone design together with strong interior joint panel zone design 
produce large is graphically presented. 

In storey sub-assemblages, the variation of energy dissipation is not smooth as 
in case of portal frames discussed in Chapter 3. This may be due to the complex 
interaction of various factors which are not possible to control in storey sub- 
assemblages, like unequal amount of axial force present in the columns due to the 
various loads applied on the sub-assemblage and unequal values of Ri^c at interior and 
exterior joints. 

4.6.2 Lateral Force H 

In case of storey sub-assemblages, the lateral force capacity H increases with 
increase in joint panel thickness (Figures 4.10, 4.11 and 4.12). But, the increase is 
more with increase in (A^^)^Than with increase in (/?^-^)^. However, the increase in H 

is marginal once the joint panel zone attains sufficient rigidity. This is true individually 
for both exterior and interior joint panel zones, and also in the combined case. In some 
cases of rigid joint panel zone designs, it is observed that the storey sub-assemblage 
forms a mechanism even before achieving the specified drift. 

4.6.3 Normalized Energy Dissipation Edn 

In the three sub-assemblages, the normalized energy dissipation E^n (Figures 
4.13, 4. 14 and 4. 15) show a similar trend as in Ed, but the trend is more gradual. This 
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is attributed to the smooth variation of lateral force H with respect to the exterior and 
internal joint designs. 

4.6.4 Normalized Lateral Force 

The normalized lateral force H„ (Figures 4.16, 4.17 and 4.18) in the three sub- 
assemblages show a marginal increase with a decrease in the flexibility of exterior joint 
panel zone. It is, however, interesting to note that the normalized lateral force //„ in 

the maximum energy dissipation region , /.e., {Rjt,) = 0.6 and = 0.8 to 1.0, 

takes a constant value of about 0.21 to 0.23 in all the three cases of sub-assemblages. 

4.7 Design Implications 

The storey sub-assemblage study recommends that should be around 

0.6, whereas should be around 0.8 to 1.0 for increased energy dissipation of 

MRF under cyclic load conditions. This observation is based on both energy as well as 
strength points of view. But, currently the codes recommend {Rji^ , and (/L-*) as 0.8 

based on only strength consideration. As mentioned earlier, the decrease in the lateral 
force capacity of storey sub-assemblage is very small by making exterior joint panel 
zone flexible. It is important to note that the normalized lateral force is observed 

to be in the range of 0.21 to 0.23. Understandably, for higher range of ductility in the 
joint panel zone this could be marginally larger, say 0.25. 

From the limited study conducted on the storey sub-assemblages, the following 
modification may be considered in the joint panel design based on energy as well as 
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Vs Design storey shear, 

Hyj = Normalized lateral force factor to be used in design of joint panel zone 
Mi = Number of interior joint panels present in a storey, 

(7?yi)^=0.8tol.0. 

Here, the recommended value of is based on normalized lateral force study, 
whereas the values of and based on energy dissipation study. Thus, this 

approach includes both strength and energy considerations. 


4.8 Seismic Behaviour of 20-Storev Steel Planar MRF 

The above design recommendations for joint panel zone design are based on 
pseudo-static cyclic loading. Since the earthquake ground motion is random and not 
cyclic, it is necessary to study these recommendations under dynamic earthquake-type 
loading. In this section, a 20-storey steel planar MRF (Figure 4.3) is subjected through 
four types of ground motions, three recorded and one synthetic. 'I'hese ground motions 


are ; 
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(1) Elcentro 1940, 

(2) Elcentro 1940 scaled by a factor of 1 .5, 

(3) San Fernando (Pacoima Dam) 1970, 
and (4) Synthetic Pulse (Figure 4. 19). 

Details of these ground motions are given in Table 4.3. The response spectra of 
these time histories are shown in Figure 4.20. The 20-storey MRF is analysed under 
each ground motion for four combinations of joint panel zone designs. These 
combinations are shown in Table 4.3. In the first three designs, the thickness of the 
joint panel is taken as the column web thickness, if the calculated thickness of the joint 
panel is less than the available column web thickness. However, for the purpose of 
analytical study, a fourth design is also studied. This design 4 is similar to design 2, 
except that the joint panel thickness is provided as per calculations, eventhough this 
value is sometimes less than the column web thickness. The loading and displacement 
boundary conditions of the 20-storey frame are taken from literature. 

4.8.1 Results and Discussions 

The salient points of time history responses of 20-storey steel planar MRF 
under each ground motion are presented in this section. 


4.8. 1.1 El Centro 

The floor displacement response of design 1 (Figure 4.21a) and design 2 
(Figure 4.21b) are more are less similar. But, the ductility demand on exterior joint 
panel zones at upper storey levels is larger in design 2. The design 4, the floor 



Chapter 4 : : Energy Considerations in Design 


43 


displacement profile (Figure 4.21c) shows a small drop in the maximum roof 
displacement. The ductility demand on exterior joint panel zones (Figure 4.22) is 
considerably larger than that on interior joint panel zones throughout the MRF. 

4 . 8 . 1. 2 1.5 lil Ccnlro 

The floor displacement response is more or less similar trend in design 1 
(Figure 4.23a) and design 2 (Figure 4.23b) as observed under in El Centro ground 
motion. However, the displacements are understandably larger in case of design 2. 
And, the ductility demands for joint panel zones (Figure 4.24) are also increased 
considerably larger. But, in design 4, the maximum roof displacements (Figure 4.23d) 
decreases considerably with a marginal increase in ductility demands on exterior joint 
panel zones throughout the MRF. In design 3, the displacements at all floors (Figure 
4.23 c) of MRF are considerably larger. 

4 . 8 . 1.3 San Fernando (Pacoima Dam) 

For all designs of the joint panel zones, the complete MRF vibrated about non- 
zero mean displacement position. This plastic drift may be due to large velocity pulse 
in this earthquake. The designs 1, 2 and 4, gave more or less similar floor displacement 
responses (Figures 4.25a, 4.25b and 4.25d). In all the these three designs, the ductility 
demands on joint panels are very high (Figure 4.26), especially in the interior joint 
panel zones of the lower stories. But, in design 3, the maximum floor displacements 
decreased considerably (Figure 4.26c). This reduction may be due to the decrease in 
high duclilily demands in the interior joint panels, especially in the lower stories of the 
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MRF. The number of plastic excursions of the MRF are fewer during the initial 
duration of motion, when compared to other combinations. The plastic excursions in 
the exterior and interior joint panel are shown in Figure 4.27 

4.8. 1,4 Synthetic Pulse 

In synthetic pulse record the similar trend of response observed in all designs of 
joint panel zones (Figures 4.28a, 4.28b, 4.28c, 4.28d and 4.29) as in San Fernando 
record. This is because of the more or less similar characteristics of ground motion in 
both cases. 

4.9 Conclusions 

The following are some salient conclusions drawn from the above study: 

(1) The energy dissipation in an MRF depends strongly on the relative strength and 
stiffness of the structural members present in MRF. 

(2) The effects of interior and exterior joint panels on energy dissipation are different. 

(3) The procedure for the design of joint needs to be modified to include both energy 
dissipation as well as strength considerations. 

(4) The joint design ratios 'which cause maximum energy 

dissipation are about 0.6 and 0. 8-1.0, respectively. 

(5) In the design of MRF s, column sections which satisfy the strength requirements for 
both exterior and interior joint panel zones with minimum web thickness are 
preferable. Doubler plates, if required can be added without much difficulty. And 
such design of MRFs is also economical. 
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(6) The design provisions given in various codes seems inadequate from the combined 


consideration of energy and as well as strength, especially in case of exterior joint 
panel zones. 



Chapter 5 


SUMMARY AND CONCLUSIONS 

5.1 Summary 

This thesis attempts to provide a design criteria for joint panel zones of steel 
planar moment-resisting frames (MRFs) under seismic loading conditions from energy 
dissipation as well as strength considerations. The following is a summary of the 
contributions of this thesis ; 

(1) The importance of joint panel zones of a moment-resisting frame under cyclic 
loading conditions is understood from the literature. The factors that effect the 
cyclic behaviour are identified. Various models proposed in the literature for 
analytically simulating joint panel zones are studied. The Ellipsoidal Joint 
Hysterisis Model is identified for use in the present study. 

(2) The influences of the various parameters that effect the energy dissipation in MRFs 
are studied through simple portal frames with different designs subjected to 
pseudo-static but cyclic loading conditions. The variation in energy dissipation in 
one complete hysteresis loop is observed with different joint panel designs. 

(3) The energy dissipation characteristics of storey sub-assemblages are studied vis-a- 
vis exterior and interior joint panel designs, under pseudo-static but cyclic loading 
conditions. Again, the energy dissipation in one complete hysteresis cycle of the 
different exterior and interior joint panel zone designs are presented in the form of 
energy surfaces. 
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(4) A new design approach for the design of exterior and interior joint panel zones 
based on energy dissipation and strength consideration is proposed. 

(5) The recommended design approach is evaluated through dynamic time history 
analyses of an example 20-storey steel planar moment-resisting frame under some 
recorded and synthetic ground motions. 

5.2 Conclusions 

The following are the salient conclusions drawn from the present study ; 

(1) The design of joint panel zones based on energy dissipation as well as strength 
consideration is more realistic. 

(2) The energy dissipation in MRFs depends very much on the relative strength and 
stiffness of its members, i.e., columns, beams and joint panel zones. Strong-column 
weak-heam weaker-joint philosophy seems appropriate from energy considerations 
also. 

(3) The sequence of formation of plastic hinges is identified as the key controlling 
factor for the energy dissipation of MRFs. • 

(4) The influence of exterior joint panel zones are different from that of interior joint 
panel zones in MRFs from energy considerations. 

(5) The drop in the lateral strength and stiffness of MRFs by employing the flexible 
exterior joint panel zones than currently proposed in the design codes is 
insignificant. These flexible exterior joint panel zones significantly increase the 
energy dissipation in MRFs under cyclic loading conditions. 

(6) The ductility demand is significantly lower in the columns and beams of the frames 
if relatively more flexible exterior joint panels are used. 
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(7) The design provisions in codes for joint panel zones are incomplete for exterior 
joint panel zones. Further, the code provisions need to be revised to include both 
strength as well as energy dissipation consideration. 

5.3 Recommendations for Future Work 

Based on this limited numerical study, the following specific issues seem 

significant for consideration as fiiture work in this area: 

(1) The influence of the various parameters namely component strength and stiffness in 
the energy dissipation of MRFs needs to be studied in greater detail by considering 
wide range of frames. 

(2) The energy dissipation characteristics of storey sub-assemblages vis-a-vis exterior 
joint panel zones need to be studied for different number of bays in the parent 
MRFs. 

(3) The behaviour of corner joint panel zones in a multi-bay MRF needs to be studied 
from energy dissipation as well as strength point of view. 

(4) The range of values of the normalized lateral force and normalized energy 
dissipation with the joint panel zone designs can be more precisely estimated by 
studying more number of storey sub-assemblages in an MRF. 

(5) The performance of the proposed design recommendations can be ascertained 
through time history analysis for more types of MRFs under a large spectrum of 
recorded as well as synthetic ground motions. 
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Table 3.1: Details of cross section properties of beams and columns in structure cases 
Cl and C2. 


IVfember 

EA 

(io\n) 

El 

(kN m^ 

Column 

9.66 


Beam 

11.62 

8000 


10.52 

7350 


9.36 , 

6420 


8.50 

5710 


7.91 

5200 


7.34 

4760 


6.32 

3900 



Table 3.2: Details of cross section properties of beams and columns in structure cases 
B1 and B2. 



Table 3.3: Details of joint panel zone plate considered in the study. 


Joint Dimensions 

(mm) 

Mjy 

(kNm) 

do 


t 

250 

200 

8 

57.7 

250 

200 


72.2 

250 

200 

12 

86.6 

250 

200 

14 

101.0 

250 

200 

16 

115.5 

250 

200 

18 

129.9 

250 

200 

20 

144.3 
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Table 3.4: Details of vertical nodal load P in each structure case studied. 


Case 

Vertical Nodal Load | 

P{kN) 

PjPyc 1 

Cl 

350 


C2 

424 

■Dm 

B1 

350 

* 

B2 

* 

0.29 


* Column sections change 


Table 4.1: Details of loading and strength parameters of the sub-assemblages studied 


Sub- 

assemblage 

^bc 

■ 

Axial Load {%Py^ 

Bending 

Moment 

(kNm) 

Gravity 


^top 

^ floor 

SSA-T 

I 

0.86 

ebb^ 

4.2 

2.1 

8.9 

0.0 


E 

0.73 

0.47-1.35 

2.4 

1.2 

30.0 

62.0 

SSA-M 

1 

0.81 

0.40-1.15 

17.5 

1.6 

■m 

0.0 


E 

0.39 

0.50-1.20 

5.5 

0.5 

mnaim 


SSA-B 

I 

0.56 

0.50-1.00 

25.6 

1.4 

HBI 

HDHI 


E 

0.26 

0.50-1.60 

6.6 

0.4 

IBQI 



Table 4.2: Details of members cross sectional properties of the sub-assemblage 
studied 


Sub- 

Section 

EA 

El 

Py 

Mp 

assemblage 


(kN) 

(kN m^) 

(kN) 

(kN m) 


W14X132 

5006400 

127370 

6258 

958.64 


W24X146 

5548400 

381270 

6936 

1712.45 

SSA-T 

W14X109 

4129000 

103230 

5161 

786.58 


W2IX122 

4632000 

246410 

5790 

1257.71 


W30X99 

3755000 

332150 

4694 

1278.19 


W14X257 

9755000 

283080 

12194 

1995. 12 

SSA-M 

W24X162 

6154800 

430380 

7694 

1917.29 


W30X116 

4412900 

410400 

5516 

1548.59 


W 14X370 

14064500 

452860 

17581 

3015.22 

SSA-B 

W30X191 

7238700 

763370 

9048 

2757.12 


W30X116 

4418900 

410410 

5516 

1548.58 

















































































Table 4.3: Details of earthquake ground motions and the interior and exterior joint 
panel designs used in the storey 


No. 

Earthquake 

Ground Motion 

^jh 

Peak Parameters 

Duration 

(.sec) 

II 


liTtyji 

mm 


WBm 


El Centro 


0.8 

0.6 

Me 

0.6 

0.348 

0.334 

0.109 

50 

1.5EC1 

1.5EC2 

1.5EC3 

1.5EC4 

1.5 El Centro 

o.s 

0.8 

1.0 

0.8 

0.8 

0.6 

0.6 

% 

0.6 

0.522 

0.501 

0.164 

50 

SFl 

SF2 

SF3 

SF4 

Pacoiina Dam 
(San Fernando) 

0.8 

0.8 

l.O 

0.8* 

0.8 

0.6 

0.6 

0.6* 

1.170 

-1. 132 

0.377 

20 

SPl 

SP2 

SP3 

SP4 

Synthetic Pulse 

0.8 

0.8 

1.0 

0.8* 

0.8 

0.6 

0.6 

0.6* 

0.410 

2.000 

2.000 

20 
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Figure 1.1: A schematic view of a typical interior joint panel zone region of a steel MRF. 




Figure 2.2: Typical joint sub-assemblages experimentally tested by past researchers. 



Figure 2.4: Shear distribution in a planar joint in the (a) elastic range, and 
(b) inelastic range. 
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Figure 2.5: Shear behaviour caused by unbalanced moments. 






Figure 2.6: Shear resistance due to (a) panel zone plate (b) joint panel boundary elements 
and (c) restraint to flexural deformation by the adjacent beams an co umns. 
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Figure 2.7: Degrees of freedom considered at each global node in the descritisation of 
planar steel MRF (a) frame without joint elements (b) frame with Joint 
elements. 



SHEAR DEFORMATION f 


Figure 2.8: Bilinear Model for monotonic joint panel zone behaviour [Fielding and Chen 
1973], 



Stress, Tlx 




Figure 2.9: Trilinear Model for monotonic joint panel zone behaviour [Krawinkler et al, 
1978], 



Figure 2.10: Summary of experimental data [Kato and Nakao, 1973] of the monotonic 
stress-strain curves of the joint shear response from steel beam-column sub- 
assemblages test. 
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Figure 2.1 1: Trilinear Model for monotonic joint panel behaviour [Kato, 1982] 


QUADRATIC ELLIPSE 


Figure 2.12: Joint moment iwmv joint shear strain curve for Ellipsoidal Hysteresis Joint 
Model [Hall and Murty, 1994], 
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Figure 2.13: Quadratic ellipses for virgin curves and backbone curves, and cubic ellipses 
for positive and negative hysteresis loops in the ellipsoidal joint hysteresis 
model IHall and Murtv. 19941. , 



Figure 2.14: Comparison of experimental hysteresis loops [Krawinkler, et al 1975] of the 
shear response of a steel joint sub-assemblage test with the theoretical 
prediction using ellipsoidal joint hysteresis model [Hall and Murty, 1994], 



/ 



Figure 2.15: Geometry of the quadratic ellipses modeling the nonlinear virgin curve in the 
ellipsoidal joint hysteresis model [Hall and Murty, 1994], 



Figure 2.16: Forces and deformations at the degrees of freedom of the planar joint 
element. 
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Figure 3.2, Geometry and loading on the Portal Frame used in the study. 



Figure 3.3: Geometric description of the static energy associated with the initial loading 
path OA in the lateral load versus lateral displacement A curve. 
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^jb 


Figure 3,5: Effect of joint panel zone design on the energy dissipation in the example 
portal frames with two separate values of showing the sequence of 
formation of hinges in each frame. The sequence of formation of plastic hinges 
is indicated by letters J, C, B, corresponding to joint panel zone, column and 
beam, respectively. For example, CJB refers to first hinge in column, next in 
joint panel zone followed by that beam. 
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Figure 4.1: A storey sub-assemblage of a three-bay three storey MRF. 



Figure 4.2: Boundaiy condition employed in the analysis of the storey sub-assemblage 
extracted from a three-bay three-storey MJRF. 
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Figure 4.3: Member cross-section sizes of the planar MRF studied. 
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Axial Load due to 
seismic lateral forces 



Gravity Loads 



Figure 4.5; Gravity and fluctuating loads applied in the analysis of the sub-assemblage of 
a three-bay MRF. 




(a) Energy surface 
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(b) Energy contours 

Figure 4.6: Effect of joint panel zone designs on the energy dissipation in the storey sub 
assemblage SSA-T. 
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(b) Energy contours 

Figure 4.8: Effect of joint panel zone designs on the energy dissipation in the storey, sub- 
assemblage SSA-B. 
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Figure 4.9: Typical Hysteresis Loops of the lateral force H ver.ws lateral displacement A 
curves for the extreme cases of joint panel zone designs in storey sub- 
assemblage SSA-T. 
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(b) Lateral force contours 

Figure 410: Effect of joint panel zone designs on the lateral force // carrying capacity 
sub-assemblage SSA-T. 





(a) Lateral force surface 



(b) Lateral force contours 

Figure 4.12: Effect of joint panel zone designs on the lateral force H carrying capacity in 
sub-assemblage SSA-B. 
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(b) Normalized energy contours 


Figure 4.13: Effect of joint panel zone designs on normalized energy dissipation in storey 
sub-assemblage SSA-T. 




(a) Normalized energy surface 



(b) Normalized energy contours 

Figure 4.14: Effect of joint panel zone designs on normalized energy dissipation in storey 
sub-assemblage SSA-M. 




(a) Normalized energy dissipation surface 


Figure 4J5: 
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(b) Normalized energy dissipation contours 

Eflfect of joint panel zone designs on normalized energy dissipation in storey 
sub-assemblage SSA-B, 






(a) Normalized lateral force surface 


Figure 4J7: 
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(b) Normalized lateral force contours 

Effect of joint panel zone designs on normalized lateral force in storey sub 
assemblages SSA-M. 



(a) Normalized lateral force surface 
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(b) Normalized lateral force contours 

Figure 4.18: Efl'ect of joint panel zone designs on normalized lateral force in storey sub 
assemblages SSA-B. 
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4.2<h Response spectra of the ground motion used in the study 
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Figure 4.25: Floor responses of the 20-storey MRF with (a) Design 1, (b) Design 2, (c) 
Design 3, and (d) Design 4. 
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igure 4.26: Ductility factors of interior and exterior joint panels of 20-storey MRF with 
(a) Design 1, (b) Design 2, (c) Design 3, and (d) Design 4. 
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Figure 4.28: Floor responses of the 20-storey MRF with (a) Design 1, (b) Design 2, (c) 
Design 3, and (d) Design 4. 
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